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. It is of growing interest as it contains components that are attractive for the sustainable production of fuels, polymers and other key platform chemicals [2] [3] [4] . As the primary (fossil) resources for these materials dwindle and become more costly, methods for the treatment of biomass have become increasingly important. In nature, there are biocatalysts that can perform reactions on substrate systems that chemical systems struggle to cope with, such as lignocellulosic biomass 5 . This large, naturally occurring toolkit to utilize biomass directly generates precursor molecules for various metabolic and structural purposes. However, due to the high recalcitrance towards (bio)chemical treatments, biomass is significantly underutilized as a chemical feedstock.
Despite their attractiveness, the full potential of biocatalysts in industrial bioprocessing also remains unrealized, in part because the products we require (fuels, polymers, platform chemicals) often require solvents and/or conditions that are not compatible with biological processing. Although extremely versatile with respect to reactions and potential substrates, biocatalysts have very limited windows of stability as they are naturally very intolerant of solvent systems other than water 6 . In addition, in cases where water can be used as a solvent, product purification is a costly endeavour. Currently, the predominant strategy for achieving biocatalyst stability in non-aqueous environments comes in the form of immobilization within, or on the surface of, solid supports such as silica or polymer composites 7 . However, increases in stability often come at the expense of low biocatalyst activity, providing an impetus to develop new (bio)technologies for the advancement of non-aqueous, industrial biocatalysis. Our approach is inspired by the premise that the best solutions to complex, multifaceted problems are multidisciplinary by nature, so the realization of non-aqueous biocatalysis will require a synergistic platform involving both chemical biology and reaction engineering 8 . Ionic liquids-organic salts with melting temperatures typically below 100 °C-are becoming increasingly popular as promising solvents for many industrial processes, and various other applications 9, 10 . In particular, ionic liquids have been shown to be adept at solubilizing biopolymers, providing new avenues for the processing of lignocellulosic biomass [11] [12] [13] . Recently, we described a protein surface modification technique to yield solvent-free protein-rich biofluids that were highly soluble in anhydrous hydrophilic and hydrophobic ionic liquids 14 . We also showed that the biomolecule architecture was retained and thermal stability significantly improved. Building on our previous work, we investigated whether we could improve cellulose bioprocessing by combining ionic liquids with cellulytic enzymes.
Cellulases are a generic class of enzyme that aid in the decomposition of cellulose. Typically, cellulases are composed of three main enzymes with distinct roles: endocellulases catalyse the hydrolysis of amorphous cellulose to produce reactive cellulose chains; exocellulases catalyse the hydrolysis of cellulose chains to oligosaccharides; and β -glucosidases (often called cellobiases) catalyse the hydrolysis of oligosaccharides (predominately cellobiose) to glucose (Fig. 1a) . Cellulase activity can be improved by pretreating cellulose with ionic liquids, reducing cellulose crystallinity and thereby rendering it more susceptible to hydrolysis 15 (Fig. 1b) . However, independent of any reaction medium engineering, the bottleneck to cellulose bioprocessing lies with β -glucosidase 16 ( Fig. 1b,iv) . As such, cellulase cocktail development often concentrates on optimising the β -glucosidase content/activity 17 . With this in mind, we set out to improve β -glucosidase activity by simultaneously changing the solvent system and improving the enzyme thermal stability. Here we present the results of these efforts, demonstrating that by chemically modifying a generic glucosidase (from Aspergillus niger) for stability against ionic liquids and temperature, we can dramatically increase cellobiase activity by an order of magnitude. Unexpectedly, we were also able to detect activity of the modified glucosidase towards cellulose in the ionic liquids (Fig. 1c) , a direct result of solvent-induced enzyme promiscuity. These results indicate that through a holistic approach to biocatalysis engineering, it is possible to significantly enhance the activity of a commercially Non-aqueous homogenous biocatalytic conversion of polysaccharides in ionic liquids using chemically modified glucosidase Alex P. S. Brogan , Liem Bui-Le and Jason P. Hallett *
The increasing requirement to produce platform chemicals and fuels from renewable sources means advances in biocatalysis are rapidly becoming a necessity. Biomass is widely used in nature as a source of energy and as chemical building blocks. However, recalcitrance towards traditional chemical processes and solvents provides a significant barrier to widespread utility. Here, by optimizing enzyme solubility in ionic liquids, we have discovered solvent-induced substrate promiscuity of glucosidase, demonstrating an unprecedented example of homogeneous enzyme bioprocessing of cellulose. Specifically, chemical modification of glucosidase for solubilization in ionic liquids can increase thermal stability to up to 137 °C, allowing for enzymatic activity 30 times greater than is possible in aqueous media. These results establish that through a synergistic combination of chemical biology (enzyme modification) and reaction engineering (solvent choice), the biocatalytic capability of enzymes can be intensified: a key step towards the full-scale deployment of industrial biocatalysis. available enzyme. As such, this approach could provide a platform for the deployment of non-aqueous biocatalysis, particularly for the bioprocessing of polymeric substrates otherwise recalcitrant in traditional solvent systems.
results and discussion
Glucosidase (Glu) was chemically modified, via surface cationization, to increase its solubility and stability in non-aqueous environments using established techniques 14, 18 . Conjugation of cationized glucosidase (C-Glu) with the surfactant glycolic acid ethoxylate lauryl ether (S) yielded an enzyme-polymer surfactant nanoconstruct with a typical stoichiometry of 1,000-1,500 surfactant molecules per enzyme (see Methods and Supplementary Fig. 1 ). In broad agreement with previous findings 14 , following dehydration and thermal annealing this yielded a pale brown solvent-free biofluid that was soluble in both aqueous solutions and ionic liquids. We therefore anticipated that the chemical modifications would not only help solubilize the enzyme in ionic liquids, but also maintain structure and improve thermal stability. To test this hypothesis we dissolved [C-Glu] [S] in a selection of model ionic liquids that were ultraviolet (UV)-clear and representative of a broad range of anion functionality. This allowed us to easily assess the structure of the solubilized glucosidase in response to these environments, providing a robust method to determine the optimal conditions for enzymatic activity. (Fig. 2a) , corresponding to a secondary structure of the nanoconjugate that was predominately α -helical. This was comparable to the spectra observed for both [C-Glu] [S] (Fig. 2a) and the native enzyme (Glu) in aqueous solution ( Supplementary Fig. 2 , suggesting a comparable lack of structuration in this ionic liquid. This was somewhat expected, due to an increased interaction between the solvent and the nanoconjugate as a result of the much greater hydrogen bond basicity of the acetate anion 19 . From these observations it was evident that [C-Glu][S] had retained its secondary structure in the ionic liquids; however, for enzymes to function in ionic liquids, tertiary structure must also be maintained. Additionally, for optimal biocatalytic performance, the enzyme must be fully dispersed in the medium, with minimal aggregation. Small-angle X-ray scattering (SAXS) was therefore used to probe the global conformation and distribution of the enzyme within the ionic liquids ( Table 2 ), suggesting that tertiary structure of the enzyme was also maintained in the ionic liquids. Furthermore, the slope of the scattering remained constant at low-q (where q is the scattering vector and low-q relates to larger objects) for all the ionic liquids, indicating a lack of higher-order aggregates and a dispersion of discrete [C-Glu][S] nanoconjugates in the ionic liquid media. We can therefore conclude that the key structural features (secondary and tertiary structure and dispersion) of the modified glucosidase have been maintained in the ionic liquid, opening the door to potential activity retention outside the normal aqueous environment.
To determine whether the preserved structure of glucosidase in the ionic liquids also translated to improved thermal stability we performed temperature-dependent SRCD spectroscopy (Fig. 3 , Table 1 and Supplementary Fig. 4 (Fig. 3a) , concomitant with a reduction in secondary structure. This demonstrated that thermal denaturation of the glucosidase nanoconjugate occurred over a larger temperature range in ionic liquids than under aqueous conditions ( Supplementary Fig. 5 ), where unfolding was complete at 95 °C (Fig. 3b ). This agreed with previous observations 14 , and demonstrated that thermal stability of the enzyme was greatly improved once solubilized in the ionic liquids (Table 1) .
Using a two-state model for denaturation, SRCD data were used to construct plots of fraction denatured (f D ) versus temperature (Fig. 3b) . This result indicated that the more interacting the anion, the less stable the enzyme (increasing hydrogen bond basicity of the anion having a greater propensity to disrupt hydrogen bonds (and salt pairs) within the protein). Potentially, this could represent a trade-off point for solvent choice, where ionic liquids with more interacting anions will solubilize more polar substrates better (thus improving utility), but at the cost of operating stability. Additionally, this result provides evidence towards a limit in terms of anion basicity with regard to the optimal stabilization of enzymes in pure ionic liquids.
Thermodynamic analysis provided further insights into the origin of the increased stability of [C-Glu][S] in the ionic liquids, and the subsequent differences between them ( ). In agreement with the observed differences in SRCD spectra (Fig. 2a) , structuration of the enzyme was due to favourable interactions between OTf − and the modified enzyme. Thus, the increased stability resulted from greater stabilizing interactions within the protein. , Table 1 ), protein rigidity as the leading cause of stability being a well-known phenomenon in hydrophobic solvents [20] [21] [22] . For modified glucosidase in [bmpyrr] [OAc], the reduction in stability arose from a combination of increased entropy (270 J K ; increased hydrogen bond disruption compared to [bmpyrr] [OTf]). This indicated that, as might be expected for an anion of such high hydrogen bond basicity, OAc − interacted with the enzyme such that conformational freedom was increased simultaneously with a loss in enthalpic stability. Our previous results with myoglobin suggested a relatively straightforward reason for differences between the ionic liquids. However, for [C-Glu][S], the effects are more nuanced, potentially reflecting the increased structural complexity between small globular proteins (myoglobin, ~17 kDa) and proteins of much larger sizes (glucosidase, ~90 kDa). (Fig. 4a) . Retention of enzyme secondary structure was confirmed using SRCD, evidenced by characteristic features at 222, 208 and 195 nm ( Fig. 4b; [bmpyrr][MeSO 4 ] was used as a UV-clear surrogate). Deconvolution of the SRCD spectra gave secondary structure estimations for α -helix and β -sheet contents of 23% and 27%, respectively, comparing well with those obtained for aqueous [ 4 ] as a discrete object with a diameter of 6.1 nm, with negligible aggregation (Fig. 4c) . These observations confirm that, as for the model ionic liquids, [C-Glu][S] retained its structure within the commercially available ionic liquid.
Table 1 | thermodynamic parameters for [C-Glu][S] in ionic liquids and aqueous solution, and Glu and C-Glu in aqueous solutions
In light of our structural and stability studies of glucosidase in model and commercial ionic liquids, we used a spectrophotometric detection assay of glucose (confirmed with HPLC, see Methods) to determine the activity of ). Chemical modification was therefore essential for solubilizing and stabilizing the enzyme in the non-aqueous media. The surfactant corona provides a protective environment, allowing conformational freedom for effective enzyme activity, a result firmly in line with previous studies on solvent-free biofluids [23] [24] [25] . Surprisingly, [C-Glu] [S] displayed enzyme activity towards cellulose in the ionic liquid (0.01 µ mol h −1 mg −1 , Fig. 5a and Supplementary Fig. 8 ). Although on this timescale HPLC and MS were unable to detect the presence of glucose, nevertheless, [C-Glu] [S] in the ionic liquid was capable of releasing reducing sugars, in all likelihood being lower-order oligosaccharides (Fig. 1c,ii) . This remarkable activity of glucosidase with respect to cellulose was a direct result of the improved solubility of cellulose in [emim][EtSO 4 ], as evidenced by the residual activity observed for Glu under these conditions. Taking these observations into consideration alongside the high thermal stability of [C-Glu][S] in ionic liquids, we monitored glucose release with increasing temperature (Fig. 5b,c) . Increasing quantities of glucose released from cellobiose were observed with increasing temperatures up to and including 110 °C (Fig. 5b) . Similarly, glucose equivalents released from cellulose increased accordingly at elevated temperatures ( Supplementary Fig. 8 ).
Converting glucose released to activity plots against temperature ( , an almost 30-fold increase from that observed at 50 °C. Conversely, the activity of Glu suspended in the ionic liquid was 0.014 ± 0.03 µ mol h −1 mg −1 ( Supplementary Fig. 9 ), demonstrating that chemical modification of the enzyme was key for attaining high activities in ionic liquids. At temperatures above 110 °C, activity towards both substrates reduced dramatically. This was in general agreement with our observations on the thermal stability of [C-Glu][S], but the drop in activity was also concomitant with a reduction in water content (0.17 wt% at 120 °C compared to , some residual water is required for the active site of the enzyme to be regenerated. Therefore 110 °C represents an optimum for the combination of enzyme stability, reaction kinetics, component solubilities and water content. It was clear that chemically modifying glucosidase, solvating in ionic liquid, and heating to temperatures beyond what is achievable in atmospheric water was of great benefit to the enzyme activity. However, these experiments did not effectively portray the enzyme turnover. With this in mind, measurements of glucose concentration (or glucose equivalents for cellulose) against time were performed (Fig. 5d) . These experiments showed glucose concentration increasing linearly with time, indicating the rate of reaction remained constant for up to 168 h, consistent with the zero-order kinetics expected for an uninhibited enzyme-catalysed reaction. Importantly, in neat [emim][EtSO 4 ], the turnover of [C-Glu][S] in this time frame was ~280 with respect to cellobiose, and ~70 with respect to cellulose. This demonstrated that, in neat ionic liquids, with minimal quantities of water (~1 wt%), it was possible for glucosidase to turn over at a constant rate (k cellobiose = 0.8 µ M s −1 and k cellulose = 0.2 µ M s
), not losing activity after 7 days.
In conclusion, we have demonstrated bottom-up engineering of a biocatalytic system by combining commercially available emerging solvent systems with surface-modified enzymes. Here, we show that by chemically modifying the surface of the widely available enzyme glucosidase, we were able to solubilize, stabilize and enhance enzyme activity in a neat ionic liquid. In doing so, we have been able to significantly push the optimal enzyme capability of glucosidase to around 30 times greater than what is possible in aqueous media. As a result, we have achieved an unprecedented widening of the bottleneck to cellulose bioprocessing. Crucially, in terms of industrial feasibility, despite the highly unnatural environment, the enzyme was able to turn over at a constant rate for at least 7 days. This indicated an absence of thermal inactivation, and that the modifications did not impede enzyme function. Furthermore, utilizing the superior solvent properties of ionic liquids towards biopolymers, we were able to induce substrate promiscuity of glucosidase, such that reducing sugars were released from cellulose without the need for endo-or exocellulases. The proposed mechanism for this is one where glucosidase indiscriminately attacks glycosidic linkages along the solubilized cellulose strands, and then the smaller oligosaccharides eventually yield glucose (Fig. 1c) . The ionic liquid facilitates this mechanism by solubilizing both [C-Glu] [S] and cellulose in a single phase. As a result, we have shown that through a mixture of chemical biology and reaction design, bioprocessing can be significantly improved. Importantly, we have shown the first example of homogeneous bioprocessing of cellulose, potentially reducing the enzyme requirement from three to one. We therefore propose that this biotechnology can be a platform for non-aqueous biocatalysis in ionic liquids, particularly with respect to the degradation of polymers and other substrates that are difficult to process using conventional solvents. Furthermore, given the fully customizable nature of ionic liquids, there is enormous scope for further research in optimizing the solvent properties and economic feasibility for this emerging technology. Enzyme activity assay. Enzyme activity assays were performed on Glu, C-Glu and [C-Glu][S] in aqueous solutions, and in ionic liquids, by monitoring the rate of formation of glucose, or glucose equivalents where necessary. This was done using an adapted glucose detection assay using cyanoacetamide as a chromogenic substrate 27 . Typically, for aqueous assays, 1 ml of reaction mixtures containing enzyme (~0.25 mg ml −1 ), substrate (cellobiose or SigmaCell Cellulose, 5 mg ml
) and citrate buffer (50 mM, pH 4) were incubated at 50 °C, under constant agitation in an incubator, for 24 h. Similarly, for ionic liquid assays, 250 µ l of reaction mixtures containing enzyme (~1.5 mg ml −1 ) and substrate (cellobiose or SigmaCell Cellulose, 10 mg ml −1 ) were either incubated at 50 °C under constant agitation in an incubator for a minimum of 24 h, or incubated in an oven for 24 h at temperatures ranging from 80 to 120 °C. Once the assay had completed, 50 µ l of reaction mixture was aliquoted into 1 ml of a cyanoacetamide solution (25 mM, with 2 mM NaOH) and developed at 95 °C for 1 h. UV-vis spectroscopy was then used to measure the glucose concentration of the resultant mixtures via a glucose calibration ( Supplementary Fig. 11 ) of the absorbance at 275 nm (25 °C, corrected against appropriate blanks). Glucose detection was verified by HPLC, and all measurements were run in triplicate and repeated a minimum of three times to account for batch variations.
Characterization methods. UV-vis spectroscopy-including enzyme assayswas performed on a Shimadzu UV2600 fitted with a Peltier controlled heating environment. All aqueous solutions were measured in disposable 10 mm UVclear cuvettes, and all spectra was recorded using the 'fast' setting with automatic sampling enabled.
SRCD spectroscopy was performed at the Diamond Light Source on beamline B23 using modules A and B, fitted with a custom Linkam stage for temperature control. Spectra were collected between 260 and 180 nm with an integration time of 2 s and data interval of 1 nm. Aqueous solutions (0.1-0.3 mg ml [S] to minimize solvent absorption, and were cast as thin films between two quartz plates. Where possible, spectra were deconvoluted to estimate secondary structure content using the DichroWeb service with SP175 data set and CDSSTR algorithm [28] [29] [30] . Thermal denaturation experiments were conducted using the above parameters for spectral acquisition, with aqueous samples measured in the range 25-95 °C every 5 °C, and ionic liquid samples measured in the range 0-220 °C every 10 °C. In both cases the heating rate was set to 100 °C min −1 and samples were equilibrated for a minimum of 2 min before data collection. Thermodynamic parameters were calculated by converting plots of CD intensity at 222 nm against temperature to plots of fraction denatured against temperature, which were in turn converted to plots of free energy against temperature. This was done using established techniques, as reported previously 18, 23 . SAXS data were collected at the Diamond Light Source on beamline I22 with X-ray energy of 12.4 keV and a detector distance of either 3.72 or 5.79 m. Samples were prepared as for SRCD measurements, and measured in differential scanning calorimetry (DSC) pans with either Kapton or mica windows and 0.5 mm path lengths, and an exposure time of 1 s. Data were reduced using the data collection and analysis package DAWN ( https://dawnsci.org/), and 1D scattering profiles were fitted using SasView ( https://www.sasview.org/), with nanoconjugate diameters extracted from Gaussian distributions to protein-protein correlation distances.
FTIR spectra were collected using a PerkinElmer Spectrum 100 fitted with a Specac ATR accessory. Spectra were recorded as accumulations of eight scans with a bandwidth of 2 cm Data availability. All data supporting the findings of this work are available upon reasonable request from the correspondence author.
